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NCHENCLATURE

longitudinal acceleration

lateral acceleration

vertical acceleration

altitude of aircraft CG above ground level
wing torsion mode _

wing vertical bending mocfe

wing chordwise bending mo’e

time to half amplitude

PerioA

pylon yaw mode

pylen tilt angle; 0. for airplane mode, 90° for helicopter
mode; e<p = 0.1 is airplane mode with pylon unlocked

cyclic stick position

damping ratio of root

aircraft trim piltch angle

rotor collective pitch angle at 75% radius

eigenvalue or root of system; dimensionless, based on
rotor rotaticnal speed.

rms gust velocity



PREDICTED DYNAMIC CHARACTERISTICS OF THE XV-15
TILTING FRCPROTOR AIRCRAFT IN #LIGHT AND IN
THE 40- BY 80-FT WIND TUNNEL

Wayne Johnson*

Ames Research Center
and
Ames Directorate
U.S. Army Air Mobility R&D Laboratory

SUMMARY

Pretest predictions of the dynamic characteristics of the XV-15
tilting proprotor aircraft are presented. The data for the aircraft in
flight includes: +trim con’itions, flight dynamics, gust response,
aeroeclastic stability, and wing response to control. The data for the
aircraft in the Ames #40- hy £0-ft wind tunnel includes aeroelastic
stability, and the wing response to control. The calculations were made
for pylon tilt angles of 0° (airplane mode), 0.1° (pylon unlocked), 30°,
60°, and 90° (helicopter mode).

INTROTUCTICN

The NASA/Army XV-15 is a research aircraft intended to demonstrate
the feasibility of the tilting proprotor configuration. The alrcraft will
be tested in the NASA/Ames 40- by £0-ft wind tunnel, and then in flight.
A principal objective of the test program is to determine the aerelastic
characteristics of the aircraft. This report documents the pretest predictions

of the dynamics of the XV-15 aircraft in flight and in the wind tunnel.

The analysis on which these calculations were based is described
in reference 1. The input data describing the aircraft were obtained

from references 2 to 4; the rotor description is given in reference 5.

*Research Scientist, Large Scale Aerodynamics Branch, NASA-Ames Research Center



XV-15 IN FLIGHT

The dynamics characteristics of the XV-15 aircraft in flight were
calculated as a function of forward speed for five pylon tilt angles:
~<p = 0° (airplane mode), 0.1° (pylon unlocked), 30°, 60°, and 90° (helicopter
mode). The basic operating condition is trimmed level flight at a gross
weight of 5900 kg; mid CG position; sea-level, standard day, and out of
ground effect (the influences of altitude and ground effect are considered
for certain cases). The rotor speed is 45% rpm for airplane mode (exp = 0),
and 565 rpm for o< p = 0.1° to 90°. The flap setting is zero for airplane
mode, and 40/25° for (p = 0.1° to 90° (see reference 2). Cnly symmetric
trimmed flight conditions are considered, so the symmetric and antisymmetric

motions of the aircraft are uncoupled.

The analysis includes the following degrees of freedom for the
rotor: gimbal pitch and yaw, two elastic bending modes per blade, one
rigid pitch mode per blade, and the rotor speed perturbation. It was
established in reference 5 that this 1s an adequate model for proprotor
dynamics. The rotor inflow perturbation is included (a quasistatic model
for rotor unsteady aerodynamics, described in reference 1); its influence
is small however for this aircraft, except for the in-ground-effect cases.
The aircraft motions include three rigid body degrees of freedom (pitch,
longitudinal velocity, and vertical velocity for symmetric dynamics, or
roll, yaw, and lateral velocity for anti-symmetric dynamics); and four
elastic modes -- fundamental wing vertical bending, chordwise bending, and
torsion (all the modes below 10 Hz), and pylon yaw. The structural vibration
mode shapes and frequencies were obtained from NASTRAN calculations supplied
by the Bell Helicopter Company. A structural damping of 1% critical was
assumed for all modes. The engine and transmission dynamics are modelled,
including the rotor speed governor (for symmetric motions) and the inter-
connect shaft (for anti-symmetric motions). The trim calculation includes

the effects of rotor-wing-tail aerodynamic interference (using an approximate



mocel described in reference 1). The dynamic characterictics were evaluated
using the constant coefficient approximation for the rotor, which 1s an
excellent approximation for the low advance ratios involved in tilting

proprotor aircraft flight conditions (reference 5).

Flgures 1 and 2 present the results for the XV-15 trim, The power
required is for the two rotors only (figure 1). The cyclic stick position
(SS , Tigure 2) is equivalent to rotor longitudinal cyclic pitch in helicopter
mode (odp = 90%); the control system schedules cyclic with pylon angle so
in general the rotor longitudinal cyclic pitch equals SS* sinep (reference 4).
The elevator angle is 1.92 8¢ (all wylon tilt angles). The effect of
aerodynamic interference in cruise (C*p = Q) is Aue to the wing downwash
at the horizontal tail, The effect of aerodynamic interference in helicopter

node (e<p = 900) is due to rotor-induced wing stall below 70 knots.

Figures 3 to 7 give the meriod and time to half amplituce for the
AV-15 flight dynamics modes. The principal influence of aerodynamic
interference is in helicopter mode, fdue to stalling of the horizontal tail
(figures 3 and 4)., The model used assumes that there ave no perturbation
aerodynamic forces from the tail when it is stalled. The aircraft flight
“ynamics were also calculated without the rotor speed governor onerating.
The principal influence observed was on the phugoid damping in cruise,
vhich can even be unstable, due to the reduced longitudinal damping <Cxu)
irom the rotors when the governor is inoperative. The governor was also
found to have a significant effect on the pitch and vertical modes in

helicopter flight.

A quasistatic rotor dynamics model is frequently used for tiltrotor
flight dynamics analyses. Table 1 compares the roots obtained using the
complete dynanics model (case 1) and using the approximate quasistatic
model (for all degrees of freedom except the rigid body motions, case 2),
for the XV-15 in hover and cruise. The quasistatic model is very good for
the cases considered. Of greater importance are the degrees of freedom

included in the quasistatic model., Case 3 in Table 1 only includes the

_3_



rotor flapping and rotational cpeed degrees of freedom; there are significant

differences in the rcots with this limited model.

The influence of ground effect on the XV-15 dynamics in hover is
shown in figure ] {root loci) and Table 2 (period and time to half amplitude).
At h=1.5n (approximately) the aircraft gear contacts the ground. Ground
effect introduces a positive spring on the vertical motions (figure 8a) .
Figure &b shows the influence of the negative roll spring due to ground

effect (modelled using data from reference ),

Figures 9 and 10 present the gust response of the XV-15 aircraft in
cruise flight (c&p = O). The rms acceleration at the pilot station is
given, for unit rms gust velecity. A gust spectrum characteristic of
low altitude flight was used (see reference ). An rms gust strength of
og, = 2 m/sec is typical of clear air turbulence (ZAT), and <g = 6 m/sec
for thunderstorms. Thus for V = 280 knots, the 39 vibration level in CAT
is about .9g vertically, .55g longituc¢inally, and .65g laterally. There is
little influence of the SAS (attitude hold on or off) on the gust response.
The quasistatic model is not satisfactory for calculating the gust response,

due to the participation of the rotor and aircraft elastic modes.

Figure 11 shows the natural frequencies of the aircraft structural
vibration modes (NASTRAN calculations). Figures 12 and 13 present the
aeroelastic stability of the Xv-15 aircraft in cruise mode flight ( exp = 0)
at sea level. The predicted stability boundary is at V = 300 knots.

Note that the aircraft vibration mode shapes are quite complex, particularly
for anti-symmetric motions, so the designation of the nodes as vertical
bending, chordwise bending, or torsion does not imply uncoupled motions.
Figures 14 to 17 present the aercelastic stability for pylon angles

o<p = 0,12, 30°, 60°, and 90° respectively. There is little effect of
aerodynanic intexrference, the rotor smeed governor, or the SAS on the dynamic
stability. Figure 18 presents the aercelastiic stability of the XV-15 in cruise.
flight at an altitude of 3800m. The nredicted stability boundary is at
V = 340 knots.

b



LV-15 IN THE WIND TUNNEL

The dynamic characteristics were also calculded for the XV-15
aircraft in the Ames 40- by 80-ft wind tunnel. The analysis used basically
the same model as described above for the free flight case. Figure 19
shows the natural frequencies of the aircraft structural vibration, including
the strut and balance frame modes. The vibration modes and frequencies for the
aircraft in the wind tunnel were calculated by coupling the NASTRAN results
for the aircraft free vibration (figure 11) with the balance and strut model
described in reference 7. The 15-ft strut/33-in tip combination was considered.
The stiffness for this combination was estimated based on shake test results
for other strut/tip combinations. The balance motions have little role in
the aircraft dynamics. However the support system has a significant effect
on the frequencies compared to free vibration, and it adds symmetric and

anti-symmetric strut modes to the dynamic system.

Figures 20 and 21 present the aeroelastic stability of the XV-15
aircraft in the wind tunnel at og = 0° (airplane mode). The predicted
stability boundary is V = 260 knots, beyond the speed capability of the
tunnel. Figure 22 to 25 present the aeroelastic stability for pylon angles
of o = 0.1°, 30°, 60°, and 90° respectively.

WING RZIBECRSE T CONTRCL

The XV-15 aircraft will be tested, in flight and in the wind
tunnel, using the right wing flaperon an? the right rotor collective pitch
to excite the aeroelastic modes. Figure 26 shows the transfer functions
(magnitude and@ phase) of the wing bending response to control for the
aircraft in cruise flight at Vv = 180 knots. The abscissa 1s the excitation
frequency, normalized by rotor rotational speed (i.e. per rev). The wing
bending (at the mid-span) is considered to eliminate the rigid body motions
from the response at low frequency. Figure 27 shows the transfer functions of
the wing tip displacement response to control for the aircraft in the wind

tunnel (V = 180 knots, g = 0).
..5..



CCNCLUDING REIMARKS

This report has presented the pretest predictions of the aeroelastic
characteristics of the iV-15 aircraft for the wind tunnel and flight tests.
These resvlts may be updated as more information about the aircraft properties
hecomes available, such as from shake tests of the airframe. These
precdictions provide & guide for the testing of the XV-15, and correspondingly
correlation with the experimental fata will further validate the provprotor
analytical nodel, an® the understanding of tilting vroproior aircraft

Aynamics unon which the mofel is based.
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Table 1.

Hover

B.

Complete dynamics
model

Quasistatic dynamics

Quasistatic, with only
rigid body, rotor flap,
and rotor speed degrees
of freedom

Cruise (200 knots)

Complete dynamics
nodel

Quasistatic dynamics

Quasistatic, with only
rigid body, rotor flap,
and rotor speed degrees
of freedom

XV-15 aircraft in flight, quasistatic
for rotor dynamics

longitudinal modes

oscillatory

pitch

vert.

approximation

lateral modes

oscillatory roll yaw

T t t1 t1 T t t1 ts1

2 3 z 2 _Z z
10.97 2,372 11.003 2 .439 22.51 18.79 | JA754 | 7.258
10.97 2,270 | 1,001 2.650 22.54 19,25 | 8742 | 7.250L
11.21 2.366 | 1.043 1.997 2l , 27 W7 .69 | L6206 | 7.671

longitudinal modes lateral modes

short period phugoid dutch roll roll sprial

T ty T Ty m t1 ty ty

2 > 2 P )
2.338 .3901 26.39 29.67 24917 8131 | 6404 | 11.68
2 .00 J32u8 126,43 31,54 2.220 BUR0 | 6033 | 11.66
2275 3278 127.83  31.34 2.853 7814 1 .7122 | 10,43




Table 2. Tnfluence of ground effect on XV-15 hover
flight dynamics.

A. Tongitudinal modes

altitude CG oscillatory pitch vertical
above ground T tz t% t%
oo ((GE) 10.98 2.320 1.018 2.639
7.6 m 10.97 2 3L 1.006 3.342, 13.58
6.9 10.97 2,345 1.005 3.779, 9.353
6.1 10.97 2,346 1.005 T = 166.9, ti=5.107
5.3 10.9 2349 1.005 .01 5.436
4.6 10.97 2.352 1.004 47 .34 5,492
3.8 10.97 2.356 1.003 34,47 5.581
3.0 10.98 2.400 295 25.69 5.707
2.3 10.98 2.433 .982 19.09 5.973
1.5 10,98 2.459 979 13.83 6.573
B. lLateral modes
altitude CG oscillatory roll yaw
above ground T t2 t% t%
oo (OGE) 22451 18.79 R754 74259
7.6 m 39 .04 h.Le3 6736 7373
5.9 t2==6.417 t2==2.054 . 5943 7420
6.1 12.55 1.402 J5h52 7453
5.3 1R.31 1.201 5185 7 480
L.6 20.31 1.158 5118 7496
3.8 15.86 1.269 .5290 7.492
3.0 7.196 1.911 .5884 7.196
2.3 T=25.58 t2= 8.66L 7915 7.412
1.5 T=9.800 ty=2.573 L,178 7 .054
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XV-15 aircraft in flight, sea level trim: power
required and rotor collective vitch, (Note for

*p = 0,19, the aircraft is in oirplane configuzatica,
but at high rom an® with fa-- Fown.)
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With aerodynamic
interference

— — — Without acerodynamic
interference

6, deg
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200 300
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Figure 2, XV-15 aircraft in flight, sea level trim: aircraft
pitch angle O and longitudinal cyclic stick position Ss'
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Figure 3. XV-15 aircraft sea level flight Aynamics: short period
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Figure 4. XV-15 aircraft sea level flight Aynamics: phugoid
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mode period and time to half amplitude.
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tigure 5. XV-15 aircraft sea level flight dynamics: dutch roll
mode period and time to half amplitude.
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Figure 6. XV-15 aircraft sea level flight dynamics: roll mode
time to half amplitude.
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Figure 7. XV-15 aircraft sea level flight dynamics: yaw/spiral
mode time to half amplitude.
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. P | |
.005 010
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(a) Longitudinal roots -- vertical and oscillatory modes.

Figure 8. XV-15 aircraft flight dynamics for hovering in ground effect;
root loci for altitude of CG above ground from infinity
(out of ground effect) to h = 1.5m.
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Figure 8. Concluded,
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in sea level cruise flight (e<e = 0). Vertical
{(a_) ané longitulinal (a_) acceleration response to
coRbined vertical ani lofigitulinal gusts. (See
reference 4 for the 5AS model.)
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Migure 9. AV-15 aircraft rms gust resvonse a2t pilot station
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— —— S.A.S. on

-—— — — Quasistatic
dynamics model /
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g/m/sec
05}
Z
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0 00 200 300
V, knots

Ffigure 10, XV-15 aircraft rns gust response at pilot station
in sea level cruise flight (D‘p =90), latemal
acceleration (=_) response to lateral gusts. (See
reference 4 for’the SAS nodel.)
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Anti- symmetric modes
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{V-15 aircraft in flight, natural frequencies of

the structural vibration modes ( op= 0.1 is
ajrvlane mocde with pylon unlocked; op = 0 is

pylon locked ).
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XV-15 aircraft aeroelastic stability in sea level

0. (airplane mode).
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Figure 14, XV-15 aircraft aerocelastic stability in sea level
flight: damping ratio for o<p = 0.1° (pylon unlocI-:ec'-).
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XV-15 aircraft aerocelastic stability in sea level
flight: damping ratio for o<p = 30°.

300

— Anti - symmetric modes ao
—
/
/
— /
7
___——q/
/ !
| | |
100 200
V, knots



.05

B Symmetric modes

q

— Anti - symmetric modes

100 200 300
V, knots

Figure 16. XV-15 aircraft aeroelastic stability in sea level
flight: damping ratio for oxp= 60°.
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100 200
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XV-15 aircraft aercelastic stability in sea level

300

flight: damping ratio for «p = 90° (helicopter mode).
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200 300
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XV-15 aircraft aeroelastic stability in flight
at 3800m altitude: dJdamping ratio for e« = 0
(airplane mode).
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Figure 19, XV-15 aircraft in the wind tunnel, natural frequencies
of the structural vibration modes.
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Figure 21. XV-15 aircraft aeroelastic stability in the wind

tunnel: damping ratio for op = 0 (airplane mode) .

..33_



.05

.05

_"strut AN

-
/
2 N — Balance yaw

S p——— .
\
—

Balance side

100 éOO 300
V, knots

(b) Anti-symmetric modes.,

Figure 21. Concluded

—3h-



.05

.05

— Symmetric modes

— Anti - symmetric modes P

100 200 300
V, knots

Figure 22. XV-15 aircraft aercelastic stability in the wind
tunnel: damping ratio for «p = 0.1° (pylon unlocked).
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Figure 23. XV-15 aircraft aeroelastic stability in the wind
tunnel: damping ratio for op = 30°,
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Figure 24. XV~15 aircraft aeroelastic stability in the wind
tunnel: damping ratio for op = 60°,
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(a) Symmetric chord bending response to collective input.

Figure 26. XV-15 aircraft in flight, transfer functions of wing bending
response to control (sea level cruise at V = 180 knots, ep = 0).

_39._



N

'\‘l; QA

LOG-10 MAG

[ )
E

180

PHASE
+

~180-P— — r "
6.01 0.1 1. 10.

(v) Anti-symmetric chord bending response to collective input.

Figure 26. Continued
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(c¢) Right wing chord bending response to right rotor collective input.

Figure 26. Continued
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(d) Left wing chord bending response to right rotor collective input.

Figure 26. Continued
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(e) Symmetric vertical bending response to flaperon input.

Figure 26. Zontinued
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(f) Anti-symmetric vertical bending response to flaperon input.

Figure 26. Continued
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(g) Right wing vertical bending response to right wing flaperon input.

Figure 26. Continued
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(h) Left wing vertical bending response to right wing flaperon input.

Figure 26. Concluded
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(a) Symmetric chord displacement response to collective input.
Figure 27. XVY-15 aircraft in the wind tunnel, transfer functions of wing

tip displacement response to control (airplane configuration
at V = 180 knots, Ap = 0).
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(b) Anti-symmetric chord displacement response to collective input.,

Figure 27. Continued
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(c) Right wing chord displacement response to right rotor collective input.

Figure 27. Continued
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(d) Left wing chord displacement response to right rotor collective input.

Figure 27. Continued
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(e) Symmetric vertical displacement response to flapercn input.

Figure 27. Continued
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(f) Anti-symmetric vertical displacement response to flaperon input.

Figure 27.

Continued
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(g) Right wing vertical displacement response to right wing flaperon input.

Figure 27. Continued.
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(h) Left wing vertical ~Aisplacement response to right wing flaperon input

Figure 27, Concluded
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